Abstract Delineating the emergence of nanotechnologies that offer new functionalities is an important element in an anticipatory approach to the governance of nanotechnology and its potential impacts. This paper examines the transition to next generation active nanotechnologies which incorporate functions that respond to the environment or systems concepts that combine devices and structures that are dynamic and which may change their states in use. We develop an approach to identifying these active nanotechnologies and then use bibliometric analysis to examine the extent of research papers and patents involving these concepts. We also examine references to environmental, health, and safety concepts in these papers, given that these next generation nanotechnologies are likely to have risk profiles that are different from those of first-generation passive nanomaterials. Our results show a steady growth overall in focus on active nanotechnologies in the research literature and in patents over the study period of 1990-2010. We also find an increase in consideration given to environmental, health, and safety topics. While gaps are highlighted in our understanding of research and innovation in active nanotechnologies, the results suggest that there is beginning to be a shift to active nanotechnologies, with the implication that governance processes need to be conscious of this shift and to prepare for it.
Introduction
There has been much interest in how nanotechnology research and commercialization will unfold. In recent decades, nanotechnology research funding and scientific publication output has expanded greatly in many countries around the world (Kostoff et al. 2007; Shapira and Wang 2010; Grieneisen and Zhang 2012) , and there has also been growth in corporate nanotechnology patenting (Dang et al. 2010; Shapira et al. 2011; Kay et al. 2014) . A broad range of nanoscale materials have been engineered, and there are numerous products now on the market that are in some way enabled by nanotechnology (Charitidis et al. 2014; Vance et al. 2015 ). Yet, there is also the realization that we are still at the early stages of nanotechnology development and application: More advanced nanotechnology designs, including novel applications that join nanotechnology with bio-and information technologies, have yet to fully emerge out of laboratories and into the market OECD 2014) . While there has already been considerable debate about the environmental, health, and safety implications of nanotechnology (see, for example, Royal Society 2004; NRC 2012; Shatkin 2013) , it would seem that the entry and responsible innovation of more advanced nanotechnologies that are potentially more disruptive will necessarily require further attention to issues of risk and governance (Murphy et al. 2016) .
In this context of both anticipation and uncertainty about emerging nanotechnology applications and their implications, it is important to try to develop evidencebased approaches which can discern what kinds of nanotechnologies are being researched in laboratories and the extent to which commercial interest is being shown in their exploitation. This paper contributes to this task of understanding the unfolding of nanotechnology by developing a method to distinguish between different generations of nanotechnology research. In particular, as explained in detail later in this paper, we develop a bibliometric method to distinguish advanced active nanotechnologies that are dynamic and which can change or evolve their states in use and hence offer novel features as well as heighten concerns about risk and governance implications. Although complicated by nuances and ambiguities in defining nanotechnologies and their evolution, the paper puts forward a process and keyword search approach to identifying active nanotechnologies. We apply this search approach to datasets of publications and patents. We then analyze the results to provide a window into the extent, growth, applications, and environmental, health, and safety attention associated with emerging active nanotechnologies.
Background
There have been many studies that have contemplated the emergence of nanotechnology and which seek to foretell how the domain will progress and what the implications might be. In the mid-1980s, after the development of scanning tunneling microscopy which enabled atomic-level imaging and manipulation (Baird and Shew 2004) , Drexler (1986) envisaged an era of nanotechnology where atoms and molecules could be assembled to create novel mechanisms and structures including molecular machines and selfreplicating robots. Debate ensued about the feasibility of molecular assembly and self-replication (Smalley 2001) and its potential environmental and societal risks (see O'Mathúna 2009). While initial debates about the direction of nanotechnology were often at a high and abstract level, subsequently more disaggregated developmental strategies were formulated. In the 1990s and early 2000s, government, academic, and industry groups delivered studies predicting a wide range of applications with novel properties resulting from science and engineering at the nanoscale including in coatings, high-performance materials, electronics, drug delivery, energy efficiency, environmental remediation, and national security (NSTC 1999; OSTL 2002; MANCEF 2004; Royal Society 2004; UT-Battelle 2007) . Public and private investment in nanotechnology research and innovation accelerated in the 1990s and in the 2000s (Cientifica 2011; Ouellette 2015) . Following the announcement of the US National Nanotechnology in 2000, more than 60 countries established national nanotechnology programs (Shapira and Wang 2010) and, through to the present decade, there has been a massive worldwide growth in nanotechnology publications and patents (Arora et al. 2013; Dang et al. 2010) . The applications of nanotechnology to date have mostly resulted in incremental advancements in such areas as semiconductor chips, displays, automotive components, lightweight materials, cleansers, paints and coatings, and catalytic agents (Ouellette 2015; Sargent 2016 ). Yet, more revolutionary applications continue to be anticipated in medical, energy, environmental, electronic, and other domains (Sargent 2016) .
Among efforts to chart future development pathways for nanotechnology is the multi-phase model of successive generations of nanotechnology research and commercialization put forward by MC Roco (2004) . In the first phase of this model, there are passive applications of nanotechnology where functionality is fixed, for example in the engineered nanomaterials used in nanocoatings. In a second phase, active applications of nanotechnology emerge. This is followed by further stages of systems of nanosystems and of molecular nanosystems, and an ultimate phase that integrates nanotechnology with information technology, cognitive science, and biotechnology (Roco 2004; Renn and Roco 2006) . While expected achievement years are indicated in the model, in this paper, we are concerned not so much with roadmap scheduling, but with the conceptualized technology distinctions that are offered. In the model, the appearance of active nanotechnologies marks a significant shift from an emphasis on individual engineered nanotechnology materials toward conceptualizations of more complex nanotechnology devices and structures, dynamism in use, and the interlinking of non-uniform components. For example, in the catalysis sub-domain, a phased progression from dispensing particles to cages on particles to nanomotors arrayed in a longer chain is envisioned. In the bioscience sub-domain, the envisioned progression is from biocompatible nanostructures to targeted drugs and eventually to nanoelectronics embedded in engineered tissue (Scudellari 2012) . The work of the Lieber group on nanowire bioactive scaffolds exemplifies the Roco conceptualization of the progression to the systems level in the bioscience sub-domain (Tian et al. 2012 ). In the electronics sub-domain, the progression might move from insulation to sensors to 3-D and post-CMOS nanoelectronics. Tour (2007) similarly suggests that the use of carbon nanotubes in rubber is an example of the passive phase; nanocars are an example of the active phase, and there is a hybrid phase between the two.
The proposition that nanotechnology research and innovation will undertake an initial transition from passive materials to active devices and systems raises the following duality. On the one hand, the emergence of active nanotechnologies suggests that applications with novel functionalities are more likely to appear, signaling perhaps that at least some of the groundbreaking promises that have long been associated with the narrative about nanotechnology will be realized. On the other hand, the emergence of active nanotechnology applications able to evolve their states raises increased concerns about environmental health and safety risks as well as regulatory and governance procedures (Subramanian et al. 2010) . While there has been research on the environmental, health, and safety implications of current engineered nanomaterials, the National Research Council has highlighted a lack of research on the environmental, health, and safety effects of next generation nanomaterials (NRC 2012) .
In 2006, the US National Science Foundation issued a program solicitation for ''Active Nanostructures and Nanosystems'' of which $30 million was awarded to more than 50 projects. However, research activity on active nanotechnologies can be expected to extend much beyond this single program both in the USA as well as in other countries. In the science-driven domain of nanotechnology, assessing the extent to which nanotechnology research, in both public and private entities, is shifting toward a focus on active nanotechnologies can offer indications as to which pathways are being explored from the view of subsequent commercial applications. In turn, these insights can inform and provide stimuli for deliberation on governance approaches in response to these future pathways for nanotechnology. Guston and Sarewitz (2002) use the term anticipatory governance to describe the capability to responsibly manage such emerging knowledgebased technologies before they become enshrined in widely diffused commercial products.
A core challenge, however, in efforts to anticipate the emergence of active nanotechnologies is that of distinguishing such technologies from those which might be characterized as passive nanotechnologies. Much of the definitional work undertaken to date has focused on developing basic definitions of nanotechnology for research, standards development, and governance. The definitions tend to describe vocabularies of nanotechnologies and highlight the importance of a nanotechnology component or dimensional size, typically within the range of 1-100 nm (BSI 2005; ISO 2008) . Functionality in use is less considered. For example, Klaessig's involvement with international standards discussions leads him to conclude that in nanotechnology definitions, cause and effect are disconnected, thus making it difficult for federal agencies to apply oversight (Klaessig et al. 2011; Klaessig 2013) . Fatehi et al. (2013) likewise agree that there is a lack of agreement on nanotechnology definitions for regulatory and societal purposes. Where regulatory definitions exist, they operate at the level of the nanoparticle.
Alongside definitions of nanotechnology in the regulatory and standards domains, there have also been multiple bibliometric efforts to define nanotechnology. As discussed later in this paper, one replicable bibliometric definition of nanotechnology is that of Porter et al. (2008) . This definition applies a multistage set of search terms around nanomaterials, instruments, processes, applications and journals and excludes size-based and non-manmade-based references. This definition was subsequently updated to incorporate more materials and exclude additional instruments, the use of which has broadened beyond nanotechnology (Arora et al. 2013 ). Huang and colleagues found that the various bibliometric definitions have converged in terms of the articles that they extract with their search strategies (Huang et al. 2011 ). This convergence is due in part to the greater use of nano-prefixed terminology by scientists in their articles' titles, abstracts, and keywords (Arora et al. 2014) . At the same time, while these studies develop approaches that broadly capture the scope of nanotechnology, less attention has been paid in bibliometric work to the issue of functionality, and methods to distinguish active nanotechnologies in scientific papers and patents are not well developed.
The objective of this paper is to develop an explicit and replicable bibliometric definition that can distinguish active next generation nanotechnologies. Our approach seeks to identify active nanotechnology concepts that respond to the environment (i.e., active nanostructures) as well as systems concepts that combine devices and structures that are dynamic and appear in a non-uniform manner (i.e., systems of nanotechnology). We are particularly interested to explore which specific categories of active nanotechnology topics are emerging, for instance in convergent areas such as bionanotechnology. We use bibliometric analysis to examine the extent of nanotechnology research papers and patents involving these active concepts. We also examine the take-up of environmental, health, and safety aspects in active nanotechnology research papers, in keeping with the NRC's highlighting of the need for attention to the environmental, health, and safety implications of next generation engineered nanomaterials. Our methodological approach is detailed in the next part of the paper, followed by a discussion of the analysis and results.
Approach
We combine a series of methods to identify and enumerate active nanotechnology research. These methods are pursued through the following steps. The initial formation of relevant keywords is based on topics suggested by earlier studies, a key informant interview, and iterative testing. Bibliometric methods are used to collect evidence from scientific publication records. From an ontological perspective, we recognize that a variety of terms of increasing specificity is used in nanotechnology, and that this may influence the frequency of their presence in the data. To ensure a robust approach, further iterations of testing, review, and judgment were undertaken to develop the ontology and to select the final combinations of active nanotechnology keywords and topics. Using text mining, these terms are applied to a base dataset of nanotechnology publication records, with further validation, manual term clustering, and exclusion strategies used to derive a subset of active nanotechnology publications for further analysis (see Fig. 1 ). This approach builds on the iterative methods of delineating emerging nanotechnologies presented in Porter et al. (2008) and Arora et al. (2013) and is comparable to the evolutionary querying style for nanotechnology tracking put forward by Mogoutov and Kahane (2007) .
As a base source of nanotechnology publication records to iteratively test and refine our active nanotechnology search approach, we use the Georgia Tech Global Nanotechnology dataset. This database was developed using the search strategy described in Porter et al. (2008) . The search strategy is based on a multi-stage Boolean approach involving a two-step inclusion and exclusion process. The key terms used for inclusion and exclusion were formulated in conjunction with nanotechnology experts. The search strategy and its results have been used in numerous studies of nanotechnology research and innovation, including academic and policy studies, and has performed robustly in comparison with other nanotechnology search approaches (Huang et al. 2011 ). The search strategy was updated by Arora et al. (2013) , and we use a dataset produced by this refreshed approach in the current study. Our base nanotechnology dataset comprises 757,868 nanotechnology publication records from the Web of Science for 1990-2010. Of these records, 94 % are articles or proceedings papers. This dataset is global in scope, and it encompasses a critical two-decade period which incorporates the early emergence of nanotechnology research in the early 1990s and its subsequent growth in scale, complexity, and attention to applications in the 2000s Shapira and Wang 2010) . While not incorporating more recent years, this two-decade period provides a basis of large-scale data over a sufficiently lengthy period of time to bibliometrically test whether it is possible to delineate the emergence of research on active nanotechnologies. The Web of Science is commonly used in this kind of bibliometric analysis. We acknowledge that in addition to its strengths, including broad worldwide coverage of journals across all fields of science and technology and structured record format, there are also limitations, such as the level of inclusion of nonEnglish language science journals (see comparison of publication databases in Falagas et al. 2008) .
Our methodology is informed by a previous study (Subramanian et al. 2010 ) that investigated the extent of any shift in nanotechnology research from passive to active nanostructures. (The third and fourth authors of the present study were also involved in the Subramanian work.) In the Subramanian study, a two-stage process was used. First, a term set Fig. 1 Bibliometric process to derive active nanoarticle subset associated with active nanotechnologies, including terms related to actuation, motor, rotor, sensing, and nanoelectromechanical systems, was applied to a bibliometric database of nanotechnology publications. It was found that scientific publications in active nanotechnology increased markedly after 2006. Second, a bibliographic review of the abstracts of a sample of the identified active nanostructure publications was undertaken. This personal review identified five non-mutually exclusive sub-segments in active nanostructure research: (1) remote actuated, where the active element is remotely activated or sensed; (2) environmentally responsive, where the active element is sensitive to stimuli such as pH or certain chemicals; (3) miniaturized active, where active components of larger devices are scaled down to the nanoscale; (4) hybrid active, involving uncommon combinations such as organic-inorganic; and (5) transforming active, involving nanotechnology that changes irreversibly during use.
Our current analysis not only updates this earlier search but also advances the methodology by significantly extending the approach to delineating and testing search terms. The earlier Subramanian work depended significantly on a personal reading of abstracts. While attention was given to identifying active nanostructure search terms, the key word set was limited and this initial work did not incorporate the insights from the abstract review to enhance the active nanostructure search terms. In contrast, the analysis detailed in the present paper is based primarily on the iterative identification, testing, and application of active nanotechnology search terms to abstracts, titles, and keywords of nanotechnology publications. This approach enables improved recall-the ability of a bibliometric search query to encapsulate a high proportion of the relevant publication records-with a reasonable level of precision to reduce the entry of irrelevant records (Buckland and Gey 1994) . It is also an approach that facilitates reproducibility and updating, as the key words that we apply can be reprised and refined in subsequent studies. At the same time, we acknowledge that there is inevitably a measure of subjectivity in determining what should be categorized as active nanotechnology. Moreover, some of the concepts associated with active nanotechnology may not yet have evolved and diffused into distinct keywords that can be easily identified in extant scientific publications. In recognition of these limitations, the approach allows for judgement and a degree of latitude in accepting the papers returned by certain keywords in the search query.
In addition to our re-appraisal of Subramanian, a further preliminary step in the process to derive an improved active nanotechnology bibliometric query was to review the formative paper by Renn and Roco (2006) . This discusses early passive nanostructures and anticipated later generations of active nanostructures, systems of nanosystems, and molecular nanosystems. A series of categories and examples of potential products are offered for each of the four nanotechnology generations presented in this paper. The authors acknowledge that there is overlap between the generations. Nonetheless, a reading of this paper suggests a series of terms that can be used to distinguish between passive and active phases and types of nanotechnology. In subsequent interviews with Roco, we further probed how the different phases of nanotechnology could be delineated.
1 This led to an initial and tentative list of potential keywords to represent active nanotechnology. We then tested these keywords against the Georgia Tech Global Nanotechnology dataset and examined the returns received. This was done both through reading selected abstracts of publications and co-word visualization of active nanotechnology identifiers.
The tentative list of potential keywords included simple terms such as active nano or active nanotechnology as well as modifiers such as adaptive or selfhealing that promised to convey characteristics of movement, interrelatedness, and dynamism associated with active nanotechnology. In our testing, we found that keywords such as motor and rotor applied to our base nanotechnology dataset produced abstracts which corresponded with active nanotechnology concepts. Terms such as systems, juncture, dynamic, and interface were found to be too general. The phrase active nanotechnology was not widely used. Other terms were too specific, for example, wire electrode arrays, or did not yield many publications, for example impeller. Still other terms-antenna, wireless, or adaptive-generated papers that largely were not in the active nanotechnology domain.
We continued our search for appropriate keywords by focusing on motor and rotor, and used string matching and co-word visualization (through network maps of terms occurring together with motor or rotor) to highlight additional terms for consideration (Fig. 2) . These visualizations were undertaken using SPSS text analytics software. The similarity metric, as presented legend in the ''motor'' and ''rotor'' co-word visualization, measures the strength of co-occurrence links: Higher values (indicated by thicker lines) indicate concept pairs appearing more frequently together than apart. (For further details about this software and the similarity metric formula, see: ftp:// public.dhe.ibm.com/software/analytics/spss/documen tation/modeler/15.0/en/Users_Guide_For_Text_Anal ytics.pdf, p. 143.) The co-word visualization asso ciated with rotor brought forth molecular terms for consideration while that for motor pointed to terms such as cargo and kinesin and other proteins. We further investigated co-words associated with these terms which highlighted terms such as biosensor, molecular switch, tweezer, shuttle, nanovalve, logic gate, nanoelectromechanical system or NEMS, and nanorobot. These terms were then formed into an ontology which classified terms according to their activities (e.g., biosensing, kinesis, molecular assembly, responsive), functional parts (actuator, nanocar (not nanocarbon), switch (molecular), motor (molecular), rotor, tweezers/clips (molecular), shuttle, nanovalve, logic gate, transistor, nanoelectromechanical system or NEMS, and systems (including robot but not robotics). The ontology also included some proper nouns which identify particular proteins or molecular architectures with active nanotechnology characteristics such as rotaxenes, catenanes, kinesin, and dynein. After further review, the resulting keyword set was organized into four main subgroups (Table 1 ). The first subgroup comprised terms for biosensing and related activities. The second subgroup comprised functional parts including aspects of molecular electronics such as molecular switch, molecular tweezers, motor, and rotor. This group also included the keyword, transistor, which is commonly associated with single molecular electronics or engineered nanoparticle electronics (such as graphene transistors) as well as standard characterizations of engineered phenomenon at the nanoscale (as in FET). We acknowledge the difficultly of distinguishing between the two simply through the use of keywords but elected to retain transistor because of the number of papers associated with the term that are in the active nanotechnology domain. The third subgroup of proper nouns contained proteins with characteristics associated with active nanotechnologies. The fourth subgroup encompassed papers associated with systems of nanotechnology through a focus on nanorobots.
Once the active nanotechnology keyword set was finalized, we undertook an analysis of the publication records produced when the terms were applied to the base dataset of nanotechnology records. Data cleaning, including de-duplication of records and addressing inconsistencies in author, organization, journal title, and other fields, was accomplished with VantagePoint software (www.thevantagepoint.com). VantagePoint was also used for basic analysis and descriptive tabulation. Network relationships were characterized using Pajek, a freely available software tool for the analysis and visualization of complex networks (http://mrvar.fdv.uni-lj.si/pajek/). We used R, a free statistical software package, to perform topic modeling (https://www.r-project.org/).
Analyses and results
Once our active nanotechnology search approach was completed, several analyses were undertaken. First, we began with an examination of the number of active nanotechnology publications over time and their growth rate. If there is indeed a shift in focus underway from passive to active nanotechnology research, we would expect to see relatively higher growth in active nanotechnology publications. Second, we investigated active nanotechnology publications by identified terms and other characteristics including their association with certain nanomaterials. Here, we sought to discern what kinds of active nanotechnologies were attracting most research attention, whether there were relationships and clusters among various active nanotechnology research topics, and what engineered materials were most likely to be associated with active nanotechnology research. Third, we analyzed whether and how active nanotechnology publications also included reference to environmental, health, and safety concepts and potential implications. This is relevant given the different and potentially greater risk profiles associated with active nanotechnology devices and systems. Finally, given the expectation that advanced active nanotechnologies will enter commerce over the next decade (NRC 2012, p. 31), we also explored interest in exploitation by investigating the presence and applications of active nanotechnologies in patent databases.
Growth of active nanotechnology publications
Using the active nanotechnology keyword set, and following data cleaning, we identified more than 46,000 active nanotechnology publications issued between 1990 and 2010 within our global nanotechnology dataset, or 6.1 % of all nanotechnology publications. In the earlier Subramanian work, about 29,000 active nanotechnology papers were identified between 1995 and 2008, equivalent to about 4.1 % of the reference nanotechnology database for that period, with a takeoff in [2007] [2008] . Different methods are used in the two studies (see earlier discussion), with the current study using an elaborated approach that has advantages in identifying active nanotechnology papers. Using this elaborated approach, it does seem that active nanotechnology publications have achieved a relatively strong growth rate, continuing through to the most recent years of the study. We observe steady growth rather than any sharp takeoff point (suggesting that there were influences other than the 2006 NSF active nanotechnology program in stimulating growth in this segment). As a percentage of all nanotechnology publications, the active nanotechnology share rose from 3 % in 1991 to 8 % in 2010 (Fig. 3) . The average annual growth rate from 1991 to 2010 for active nanotechnology is 130 versus 55 % for all nanotechnology publications. In the more recent 2006-2010 period, active nanotechnology publications continued to maintain a slightly faster recent annualized growth rate: 19 % from 2006 to 2010 versus 11 % for all nanotechnology publications. Within the broader domain of nanotechnology, we do find that there is a shift in research toward active nanotechnology topics. However, we do not observe any noticeable breaks or takeoffs in the number or share of active nanotechnology publications, rather the distribution appears to move upward in a continuous fashion.
Characteristics of active nanotechnology research
One way to examine this topic is by investigating the breakdown of publications by the different search terms we used to define the domain. Terms associated with the largest number of active nanotechnology publications are: transistor (nearly 40 % of papers), biosensing/biosensor (33 % of papers), and motor (12 % of papers). Actuator, valve, and kinesin comprise from 3 to 5 % of the publications. Two percent of the papers involve any of the following: rotaxane, nanocar, NEMS, rotor, or logic gate, and another one percent involve molecular switch, dynein, or catenane. Least common, comprising less than one percent of the papers, are nanorobot and molecular tweezers/clips. To probe the underlying configuration of active nanotechnology publications, we examined the connections between these search terms. A network diagram was developed to examine the underlying relationships between these keywords or keyword cooccurrence as a proxy for sub-groups in the active nanotechnology domain (Fig. 4) . Although the position of the keywords/nodes has no meaning, the thickness of the links in the network diagram represents the percentage of shared counts of the node associated with the smaller numbers of publications. The network diagram indicates that only a few terms have very strong relationships. We interpret these relationships as reflecting sub-groups of active nanotechnology:
• The first sub-group is reflected in the very strong linkage between kinesin, dynein, and motors. These terms constitute the basic elements of molecular motors.
• The second sub-group includes catenane and rotaxane. These are the foundations for molecular structures such as switches and carriers.
• Constituent parts of nanoelectronics such as transistors and logic gates characterize a third subgroup.
• A fourth element-biosensors-has a number of weak links. This pattern suggests the involvement of a range of active nanotechnologies in drug delivery and other aspects of nanobiotechnology. These sub-groups also reference other more complex structures and devices. For example, DNA origami-the self-assembly of DNA components into folds with distinctive interactions with light (Griggs 2012 )-is featured in 11 articles in the active-andbeyond papers. This total does not represent all DNA origami papers, but rather those works that fall into the active nanotechnology publication domain. More than one quarter of these papers involve motors, and another similar share involves either transistors or actuators.
A further aspect of the underlying character concerns the relationship of these terms to engineered nanomaterials. Nearly one-third of the active nanotechnology publications make reference in their titles, abstracts, or keywords to engineered nanomaterials. We define engineered nanomaterials using the list of these materials in Table 3 -2 of the National Research Council report (NRC 2012) . The most commonly mentioned engineered nanomaterial is gold nanoparticles (in 6952 publications in our active nanotechnology dataset), followed by carbon nanotubes (4178 publications). Some active nanotechnology devices and structures and devices are more likely to incorporate engineered materials than others. Nearly half of all biosensor articles also mention an engineered nanomaterial; however, only 6 % of motor articles mention an engineered nanomaterial. Active nanotechnology publications that reference transistors and actuators most commonly also reference carbon nanotubes, fullerene, graphene, and quantum dots. Gold, silver, and platinum nanoparticles as well as carbon nanotubes are commonly referenced in biosensor-related active nanotechnology publications (Table 2) .
We probed further into the underlying characteristics of active nanotechnology by using topic modeling. Topic modeling is based on Bayesian probabilistic models that use observed words in documents to uncover the unobserved structure that underlies a set of documents (in this case, journal article meta data) indicated in the probability distribution of words to K topics and the probability distribution of K topics to M documents in a corpus (Blei 2012) . In essence, the approach uses these distributions to establish which words belong together to form topics. An advantage of topic modeling is that it allows the identification of relevant documents drawing on synonyms as well as keywords. Topic modeling via Latent Dirichlet Allocation (LDA) was applied to title, keyword, and abstract phrases in the active nanotechnology publication dataset. We used the R statistical computing language to perform topic modeling. Twelve topics resulted and we associated each publication with one or more topics. We observe that the topical emphases of active nanotechnology have changed over time (Fig. 5) . In the early 1990s, the optic, layer, nanowire topic was prevalent. The later 1990s saw the rise of the electrode, biosensor, enzyme topic, highlighting the integration at the nanoscale of biologically and chemically based sensors with electronic signaling devices. The quantum, magnet, electron, field topic rose to prominence in the early 2000s. By the end of the 2000s, there were two groups of topics with different trajectories. Topics related to nanoelectronics (e.g., film, layer, deposit) had a moderate growth pattern, while topics related to biosensors (e.g., electrode, biosensor, enzyme and detect, sensor, DNA, signal, hybrid) had a more rapid upward trajectory. These results suggest that bionanotechnology has become especially important in the active nanotechnology domain.
Consideration of environmental, health, and safety
The devices and systems associated with active nanotechnology are said to be associated with different (and potentially more significant) risk profiles than passive nanotechnology materials (IRGC 2007) . While it is outside the scope of this paper to assess the specific nature of any risks, we do investigate the extent to which active nanotechnology research explicitly considers aspects associated with environmental, health, and safety (EHS). We do this by examining references to EHS in the titles, abstracts, and keywords of active nanotechnology publications. The EHS definition we use is described in Youtie et al. (2011) . This bibliometric definition of EHS is comprised of three elements. The first relates to terms linked to the ''nano'' prefix such as nanotoxicity, nanoecotoxicity, and nanosafety. The second is comprised of broader EHS terms that are conditioned with other terms such as hazard, risk, dose, and exposure. The third are terms to be excluded because of being associated with too much noise such as safety glass or potentially being beneficial or neutral (rather than detrimental) such as antimicrobial and nontoxic. * Percentages sum across; totals may exceed 100 due to references in a given active nanotechnology publication to more than one engineered nanomaterial Nearly 4 % of active nanotechnology publications refer to EHS terms, and this percentage grew from 2 % in the 1990s to nearly 7 % by 2010. While these percentages appear low, they are higher than in the larger Georgia Tech reference nanotechnology publication dataset where, based on a comparable EHS analysis, fewer than 1 % of the papers refer to EHS terms. Active nanobiotechnology publications were more likely to also have a reference to EHS terms. Almost one-third of active nanotechnology publications with the term nanocarrier also referenced an EHS term. Next most prevalent were nanorobot and biosensor, with, respectively, 7 and 6 % of these publications also referencing an EHS term. Since nanocarriers are typically linked to applications in the human body, it makes sense that EHS considerations are more frequently also expressed in these research publications. Overall, there appears to be modestly increased recognition of potential EHS implications in published active nanotechnology research compared with other nanotechnology work. That the great majority of published active nanotechnology research does not make reference to EHS aspects could be interpreted in different ways. Much of this research is likely to be fundamental science, where applications (if any) are yet to be determined. On the other hand, as research becomes more developed and applied, it could be argued that researchers should give greater attention to potential EHS implications.
Interest in exploitation through patenting
To test the extent to which active nanotechnologies are considered as potentially exploitable, we also examined the presence of active nanotechnology concepts in patents. Global nanotechnology patent data were extracted by applying the Georgia Tech nanotechnology search strategy (as detailed in Arora et al. 2013 ) to PATSTAT-a worldwide database of patent records from patent offices in about 90 countries that is maintained by the Europe Patent Office (EPO 2016) . The keywords used to identify active nanotechnology research papers were then applied to patent titles and abstracts in the global Fig. 5 Active nanotechnology topics, publications by year nanotechnology patent dataset. Upon manual review of the resulting titles and abstracts, we found that some active nanotechnology keywords did not translate well in patent searches. In response, we developed several additional exclusion terms to cull out nanotechnology patents that were not in the active nanotechnology domain but which referenced motor vehicles, automobiles, nanocarbon (as a material), and semiconductors. The end result was an active nanotechnology patent dataset of 7925 patent records (applications and grants) from 1990 to 2012. This figure represented about 4 % of the 194,077 patent records in the Georgia Tech dataset for this time period. When compared with active nanotechnology publications, we observe approximately six active nanotechnology publications papers for every one patent record.
Twenty-eight percent of active nanotechnology patent records have non-patent references to scholarly literature. This same percentage for all nanotechnology patents in the Georgia Tech global nanotechnology patent database is 23 %. The active nanotechnology patent subset is more likely to have non-patent references to scholarly literature than that for all nanotechnology patents. Our analysis of active nanotechnology patent records indicates that more than 40 % relate to transistors. Twenty percent involve biosensors. The next most common are active nanotechnology patent records that reference motor (14 %), valve (11 %), actuator (9 %), rotor (5 %), and nanocar/nanocarrier (2 %). Interest in exploiting active nanotechnology thus encompasses a mix of nanoelectronics, nanobiotechnology, and engineered materials.
Nearly 62 % of these active nanotechnology patents are assigned to companies. Holding a patent does not necessarily mean that this intellectual property will be incorporated into a specific product. However, patent applications and grants broadly suggest there is current or planned corporate interest in active nanotechnologies. The top assignees for transistor patents are: NEC, Samsung, and IBM (each with 4 % of these patents). The top assignees for biosensor patents are: Fuji (5 % of these patents), Matsushita (3 %), Philips (2 %), and Kimberly Clark (2 %). While larger firms account for most of the assignees with ten or more patents in this domain, some smaller nano-focused firms also are present, for example, Nanosphere, Inc. (with 14 patents in the domain).
Conclusions
In this paper, we detail the iterative development and testing of a keyword-based bibliometric approach to identify active nanotechnologies. We then applied these keywords to measure and assess research and patenting in active nanotechnology domains. We found, over our study period through to 2010, increasingly higher growth in the rate of active nanotechnology publications and a relative increase in the share of active nanotechnology research among all nanotechnology publications. This suggests that there is beginning to be a shift in focus from passive to active nanotechnology research, although as yet the absolute share of active nanotechnology in all nanotechnology research is still relatively modest. In examining the characteristics of active nanotechnology research, we observed steady yet upward growth in publications involving multiple research dimensions including biosensors, molecular electronics in transistors and logic gates, protein-based molecular motors, and molecular structures for switches and carriers. Active nanotechnology researchers were more likely than other nanotechnology researchers to incorporate EHS concepts, particularly in nanocarrier work for nano-enabled drug delivery. Still, overall, the proportion of active nanotechnology papers referencing EHS implications remained relatively low. Active nanotechnology concepts were shown to be present in a small but not insignificant set of patent records, more than three-fifths of which were assigned to corporations, suggesting that active nanotechnology concepts, materials, and systems are attracting interest among private entities engaged in commercializing new technologies.
This exploratory effort to provide a quantitative and systematic basis for understanding the trajectory of active nanotechnology development has provided multiple insights. Nonetheless, gaps in our understanding and knowledge remain. In the context of ongoing definitional debates about size, distinctive properties, and coherence of the field of nanotechnology writ large (see for example, Schummer 2014), attention also needs to be paid to distinguishing specific phases and directions in the field, including, for example, the emergence of active nanotechnologies. It is important to probe the mechanisms underlying the generations of nanotechnology development and how these result in active, kinetic, dynamic, and/ or integrative properties. Additionally, ongoing efforts are needed to understand how the lexicon used to identify active nanotechnologies continues to evolve as scientific progress advances the state of the art in materials, devices, and systems. In this paper, our contribution has been to advance bibliometric approaches that can be applied to delineate phases and emerging research directions of nanotechnology development.
In reflecting on these issues, we do not find that it is enlightening to focus too exclusively on engineered nanomaterials. While the NRC (2012) report places an emphasis on certain engineered nanomaterials, we observe that active nanotechnologies have an orientation toward interrelationships and to embedding engineered materials into systems involving other emerging technologies. Indeed, our analysis shows that several active nanotechnology concepts can cooccur in a given research publication. Proteins cooccur with motors, mechanically interlocked molecular architectures are investigated together under the search for switches and carriers, transistors and logic gates are linked as potential nanoelectronic constituent parts, and biosensors are incorporated into multiple research domains. Treating engineered nanomaterials as separate elements can lead to a misunderstanding in how they will be used in integrated device and systems. Moreover, as hinted by our analysis, there are many ways in which integrated relationships will be embedded into active nanotechnology devices and systems that enter into markets. For example, Zhou et al. (2014) show that nano-enabled delivery platforms are grafted onto current pharmaceuticals rather than seeing co-development or multi-functional approaches. More in-depth research into how seemingly active nanotechnologies are, or will be, used and integrated in the commercial sector is surely needed. In addition to improving our business understanding of potential applications, it is responsible to address further attention to the environmental, health, and safety implications of active nanotechnology applications. Our results indicate that active nanotechnologies are steadily emerging both in scientific and commercial domains. The level of activity that we uncovered, and its steady growth, suggests that more extensive consideration should be given to the emergence of active nanotechnologies in governance deliberations and in associated policies. Bio ? assembly Issues in separating bio-related assembly process from chemical process
